The role of immune mechanisms to amplify hypertension in patients and animal models has been appreciated for decades. This review briefly summarizes recent studies exploring the mechanistic pathways, whereby the immune system participates in hypertension and renal disease.
INTRODUCTION
A role for the immune system in hypertension was demonstrated half a century ago, although intensive investigation of this relationship is a recent occurrence. Evidence of the protective influence of immunosuppression to attenuate hypertension has been demonstrated in both humans and experimental animal models; however, the obvious importance of a functional immune system for host survival drastically limits total immune suppression as having therapeutic potential. It is, therefore, critical to identify and understand specific components of the immune system and the precise immunological mechanisms that pathogenically contribute to hypertension, potentially resulting in a more targeted and fruitful therapeutic approach. This review will primarily focus on the various T lymphocyte subtypes and recent studies that have demonstrated the mechanisms leading to hypertension and associated renal damage.
T LYMPHOCYTES IN HYPERTENSION
Although there are likely many players in the inflammatory contribution to hypertension, T lymphocytes have been a focus of many laboratories investigating this relationship. Contemporary interest in T cells in hypertension and cardiovascular disease can be traced to a study performed by Guzik et al. in 2007 [1] showing the necessity of the presence of T cells for the full development of angiotensin (Ang) II-induced hypertension in mice. Since then, a major push to determine T cell-mediated mechanisms of blood pressure modulation has taken place. To determine the role of T cells in hypertension, investigators attempted to delineate the pathogenic T cell subtypes present in relevant tissues (mostly kidney and vasculature) and determine the pathways by which those subtypes caused disease. The understanding of T cell differentiation and subtype function is a dynamic immunological field of investigation unto itself, and novel findings in T cell immunology will continue to aide in our understanding of their role in hypertension. Recent studies have established roles for both cytotoxic (CD8þ) T cells and T helper (Th, CD4þ) cells in hypertension. Th cells are further subdivided into four main subtypes: Th1, Th2, Th17, and Tregs. Each of these subtypes has a distinct function in immune regulation and the investigation of these subtypes in hypertension is underway.
Recent studies suggest a deleterious role for CD8þ T cells in hypertension. Circulating CD8þ T cells in newly diagnosed hypertensive patients expressed significantly higher levels of apoptotic effector molecules, perforin and granzyme B, and proinflammatory cytokines, IFNg and TNFa, compared with normotensive controls, indicating a heightened proinflammatory state [2] . Renal biopsies from patients with hypertensive nephrosclerosis reveal a significant accumulation of CD8þ and CD4þ T cells in the tubulointerstitium compared with normotensive controls -a finding substantiated in experimental models of hypertension. Although the infiltration of T cells (CD4þ and CD8þ) in the vasculature and kidneys of hypertensive models is well documented, a recent study by Trott et al. [3 & ] began to delineate their importance. Mice lacking CD8þ T cells (CD8 À/À ) were protected from Ang II-induced hypertension and vascular dysfunction, whereas mice lacking CD4þ T cells (CD4 À/À ) were not [3 & ]. Furthermore, CD8 À/À , but not CD4 À/À , mice were resistant to the antinatriuretic and antidiuretic effects of Ang II and did not exhibit renovascular volume reduction as did the CD4 À/À mice.
Although these studies suggest a dominant role for CD8þ T cells in the disturbed renal hemodynamics and vascular dysfunction contributing to the development of hypertension, many studies implicate CD4þ T cells in the modulation of blood pressure. Transfer of CD4þ T cells from placental ischemic rats increased oxidative stress and blood pressure in normal pregnant recipients [4 & ]. Upon stimulation, circulating CD4þ T cells from patients with pulmonary hypertension expressed higher levels of IL-17 than controls, suggesting a polarization of T cells to the pathogenic Th17 phenotype ]. T regulatory cells (Tregs) suppress immune responses, and alteration of the Th17/Treg ratio has been implicated in many immune-mediated diseases.
Experimentally, mineralocorticoiddependent hypertension alters the Th17/Treg ratio by increasing IL-17 expression and decreasing Foxp3 (Treg-specific transcription factor) expression in the PBMCs, spleen, heart, and kidneys. Specific inhibition of IL-17 reduced arterial hypertension and mineralocorticoid-salt-induced renal and cardiac remodeling [6 & ]. Sex differences in the development of hypertension may be attributable to differences in T cell function. Male mice have higher blood pressure than females in Ang II-dependent hypertension; however, this difference is abolished in Rag1 À/À mice. Adoptive transfer of WT male, but not WT female, CD3þ cells into male Rag1 À/À mice recapitulated Ang II-induced hypertension [7 & ]. Interestingly, in-vitro stimulation of WT lymph node mononuclear cells in Th0 (no cytokines) or Th17 polarizing conditions with Ang II resulted in decreased production of IFNg, TNFa, and IL-17 in female cells but not male cells. These data suggest that Ang II may have anti-inflammatory effects on female T cells, which could mitigate hypertension.
ACTIVATION OF T LYMPHOCYTES
As emphasized previously, the important contribution of T lymphocytes in the pathogenesis of hypertension has been well documented; however, the mechanisms leading to T cell activation remain unclear. Many novel concepts have emerged in an attempt to explain how various hypertensive stimuli result in such activation, including the involvement of the sympathetic nervous system, T cell receptors, humoral immunity, and the production of neoantigens.
Sympathetic drive/central nervous system
The central nervous system and sympathetic tone contribute to the development and maintenance of hypertension in both humans and experimental models [8, 9] . Recent studies have exposed a potentially important contribution of sympathetic drive in the activation of T lymphocytes during hypertension. The anteroventral third ventricle (AV3V) region of the circumventricular organs in the brain processes hormonal signals that influence cardiovascular functions and body fluid regulation. By lesion of the AV3V in mice, Harrison and colleagues have demonstrated that central signals and sympathetic drive are required for Ang II-induced hypertension as well as expression of the early T cell
KEY POINTS
A link between hypertension and the immune system has been well defined throughout the literature.
There is specific interest in uncovering mechanisms implicated in the activation of the adaptive immune response, including pathways involving the sympathetic nervous system, the T cell receptor, autoimmunity, and neoantigens. activation marker CD69 [10] . Increased dietary salt intake significantly increased sympathetic nerve activity in Sprague-Dawley rats [11] . This may arise from elevated cerebrospinal fluid [Na þ ], which when detected by the circumventricular organs results in increased sympathetic drive, potentially via endogenous ouabain [12] . Very recent evidence has shown the 'angiogenic cytokine', placental growth factor (PIGF), to be necessary for Ang IIinduced hypertension by serving as a neuroimmune link connecting the sympathetic nervous system and the splenic immune system [13 && ]. Activation of PIGF in the spleen is furthermore required for the costimulation of T cells, which were determined to be the major causative players in target organ damage related to hypertension.
Costimulation
Classically, the major histocompatibility complex on antigen-presenting cells (APCs) presents peptides to the T cell receptor. Following that interaction, a second signal, known as costimulation, occurs, whereby CD28 on T cells interacts with B7 ligands CD80 and CD86 on APCs. Both signals are required for the activation of T cells. Preventing the interaction between T cells and APCs through inhibition of B7-dependent costimulation by fusion protein CTLA4-Ig blocked either Ang II-induced or deoxycorticosterone acetate salt induced models of experimental hypertension [14] . Importantly, inhibition of B7/CD28 interaction, either pharmacologically or genetically, blocked T cell activation, T cell cytokine production, and the migration of T cells to the vascular wall. More recently, our laboratory has demonstrated that a functional T cell receptor is necessary for salt-sensitive induced hypertension [15 && ]. Through the use of zinc-finger nuclease technology, the CD3 zeta chain of the T cell receptor was deleted in the Dahl salt-sensitive (SS) rat, and resulted in blunted hypertension and renal damage typically associated with increased salt intake. These studies demonstrate the necessary role of the T cell receptor as well as B7/CD28 interaction in the activation of T cells that ultimately contribute to the pathology associated with hypertension.
Autoimmunity and neoantigens
Recent efforts revealed a significant involvement of B cells and the production of autoantibodies in the development of hypertension. Autoantibodies against the a 1 -adrenergic and b 1 -adrenergic receptor have been shown to pathogenically contribute to various cardiovascular diseases [16, 17] . Additionally, there is an increased presence of angiotensin II type 1 receptor agonistic autoantibodies in both patients and rodent models of hypertension and preeclampsia [18] . Mathis et al. [19 & ] showed that depletion of the B cell population by anti-CD20 antibody administration decreased cytokine production and blocked systemic lupus erythematosus induced hypertension and renal damage. It remains to be seen if this pathogenic effect of B cells is limited to this particular model of systemic lupus erythematosus. Guzik et al. [1] first showed that adoptive transfer of T cells and not B cells recapitulated Ang II-induced hypertension, originally suggesting the dispensability of B cells. However, T cells produce cytokines to modulate the function of other immune cells and vice versa, so interplay among immune cells during the development of hypertension is highly plausible. La Marca and colleagues highlighted this interplay in the reduced uterine perfusion pressure (RUPP) model of preeclampsia [20] . Adoptive transfer of CD4þ T cells isolated from RUPP rats increased the mean arterial pressure (MAP) of normal pregnant rats; however, simultaneous depletion of B cells with rituximab inhibits the ability of CD4þ RUPP cells to elevate blood pressure. Thus, there appears to be interdependency between T and B cell functionality.
What is the initiating mechanism that triggers this adaptive immune response? The activation of the adaptive immune system implies the presence of an antigen; in the context of chronic diseases such as hypertension, this activation may occur through the loss of self-tolerance by mechanisms involving both humoral and cell-mediated immunity, suggesting hypertension may be an autoimmune disease. Tremendous efforts have gone into the search for a self-antigen, or neoantigen, responsible for the initiation of this immune cascade. It is hypothesized that oxidation, nitrosylation, adduct formation, or posttranslational modifications of proteins create endogenous molecules that are no longer distinguished as self [21] .
Initial studies published by Rodriguez-Iturbe's group proposed an autoimmune reaction to a stressinduced molecule, heat shock protein 70 (HSP70), as cause for salt-sensitive hypertension characterized by T cell activation and the generation of regulatory T cells [22] . Tolerization experiments and overexpression studies elegantly demonstrated a central and necessary role for HSP70 as a potential antigen in the activation of T cells, modulation of IL-6 and IL-10 production, and development of hypertension. More recently, Kirabo et al. [23 && ] showed that Ang II-induced or deoxycorticosterone acetate salt induced reactive oxygen species formation in dendritic cells was responsible for the production of isoketal adducts via lipid peroxidation. These isoketal-modified proteins, no longer recognized as self, activated dendritic cells. Moreover, scavenging of isoketals by 2-hydroxybenzylamine prevented the immunoreactivity leading to Ang II-induced hypertension and renal damage [23 && ]. Importantly, activated dendritic cells from Ang II-treated mice were sufficient to induce activation, survival, proliferation, and cytokine production of T cells, and were required to elicit hypertension in adoptive transfer studies. Together, these cutting-edge studies unveiled a new pathway explaining some of the potential mechanisms leading to autoimmunity and the development of hypertension and renal damage.
DIETARY CONTRIBUTIONS TO T LYMPHOCYTE ACTIVATION IN HYPERTENSION: SODIUM-DEPENDENT EFFECTS
Since the 1940s, a tremendous number of studies have been dedicated to understanding the role of salt in hypertension. Some of the first experiments connecting the pathogenesis of hypertension to abnormalities in the immune system were performed in the 1960s [24] , and, about a decade later, studies first published a role for the immune system in salt-driven hypertension [25] . Remarkable technological advances within the past few years have allowed for the dissection of specific immune cell types and molecules contributing to sodiumdependent immune activation. Two recent studies demonstrated a dramatic induction of Th17 polarization in naïve T cells of either murine or human origin when exposed to an elevated sodium concentration [26, 27] . In both studies, inhibition of seruminducible and glucocorticoid-inducible kinase-1 (SGK-1), an enzyme induced by sodium and known to mediate sodium homeostasis, prevented the differentiation to the Th17 phenotype, suggesting a mechanistic pathway that could be therapeutically targeted to prevent salt-induced autoimmunity. Readers are directed to a recently published review discussing the link between increased salt, SGK-1, and Th17 polarization in more depth [28 & ]. Recent data from a human longitudinal study that investigated the effects of long-term salt-intake reduction on immune status demonstrated a decrease in total monocyte numbers that correlated significantly with salt reduction. Although no significant differences were observed in lymphocyte numbers, IL-6 and IL-23 correspondingly decreased with reduced salt intake whereas IL-10 increased [29 & ], indicating an association between dietary salt changes, cytokine production, and overall immune status.
Sodium-independent effects
Although evidence clearly shows that salt can drive hypertension and autoimmunity, the contributions of other dietary components cannot be ignored. Our laboratory has shown that isocaloric modification of the sources of dietary protein, sucrose, and fat can affect the degree of pressure elevation in experimental hypertension [30] . In particular, substituting casein for wheat gluten as the protein source significantly reduced mean arterial pressure and albumin excretion, whereas changing the fat source of corn oil to soybean oil exacerbated MAP and albumin excretion in Dahl SS rats. Moreover, increasing the percentage of protein in the diet from 18 to 30% significantly exacerbated salt-induced increases in MAP and albumin/creatinine excretion ratio [31] . Correspondingly, the high protein diet resulted in greater T lymphocyte infiltration in the kidney, which, together with the increased pressure and renal damage, was ameliorated upon administration of the immunosuppressant mycophenolate mofetil. These studies provided evidence that dietary components independent of salt can greatly impact the hypertensive phenotype in a salt-sensitive model. Further emphasizing this point, Geurts et al. [32 && ] found that Dahl SS rats maintained on a grain-based diet for many generations were less susceptible to high-salt diet-induced hypertension and renal injury compared with rats maintained on a casein-based diet. Interestingly, subsequent embryo-transfer experiments revealed that the maternal diet during the gestational-lactational period, and not the diet after weaning, substantially contributed to the hypertensive outcome in adult SS rats. Studies exploring the potential differences in immune cell infiltration between Dahl SS rats maintained on both diets are ongoing.
CONCLUSION
Great advancements have been made in the search for antigens and pathways responsible for the activation of the adaptive immune response, including the discovery of HSP70 or modified proteins via isoketal adducts in dendritic cells; however, a specific antigen recognized by the T cell receptor still remains unknown. With important dietary contributions to the complex etiology of hypertension and associated renal damage, deeper understanding of the interplay between the environment and immune system activation will be essential for the development of new and more effective therapies.
